Abstract. Rats were trained to discriminate 3 mg/kg fenfluramine (FEN) from saline using a milk-reinforced (FR 10 schedule) two-lever operant task. To assess the involvement of the serotonin (5-HT) system in elicitation of the FEN cue, 5-HT compounds were tested for their ability to substitute for or to antagonize the the discriminative stimulus produced by FEN. Following acquisition, the FEN cue was dose-dependent, had a rapid onset (10 rain) and a long duration (12 h), and was stereospecific. The putative 5-HT receptor antagonists methysergide and cinanserin antagonized the FEN discriminative stimulus, while chlordiazepoxide, an indirect inhibitor of 5-HT turnover, did not. The FEN cue was also antagonized by the selective 5-HT reuptake inhibitor fluoxetine. Norfenfluramine, p-fluoroamphetamine, and p-chloroamphetamine, compounds structurally and pharmacologically similar to FEN, substituted for FEN, whereas fluoxetine, cinanserin, methysergide, and chlordiazepoxide did not. The 5-HT precursor 5-hydroxytryptophan partially generalized to the FEN cue. It was further shown that the discriminative stimulus properties of FEN are not based on its anorectic action. These results suggest that the cue properties of FEN might be partially mediated through an interaction with the 5-HT system.
Drug discrimination paradigms have been widely used to establish the pharmacological identities of psychoactive drugs (for a review see Lal 1977) . Drug discrimination learning requires the drug to produce a perceivable change in the organism's internal environment, thus making it possible to train animals to perform one type of behavior for reinforcement following a drug injection and to perform a different, but topographically similar, behavior following a drug vehicle injection. Once response differentiation is firmly established, stimulus generalization and antagonism experiments can by employed to establish the biochemical mechanisms underlying elicitation of the discriminative stimulus.
It has been demonstrated that the anorectic agents amphetamine and fenfluramine (FEN) are able to produce such discriminable stimuli in rats. However, Schechter and Offprint requests to: J. F. McElroy reported that in rats trained to discriminate amphetamine from saline, FEN failed to generalize to the amphetamine cue. Similarly, in rats trained to discriminate FEN from saline, amphetamine did not generalize to the FEN stimulus (Goudie 1977) . These findings were supported by a number of other studies that showed that dopaminergic systems are involved in the stimulus properties of amphetamine (Ho and Huang 1975; Schechter and Cook 1975; Kuhn et al. 1974; Rosecrans et al. 1973) , and that FEN exerts selective actions on brain serotonin (5-HT) systems (Opitz 1967; Costa et al. 1971; Duhault and Boulanger 1977; Clineschmidt et al. 1978; Fuxe et al. 1975) . White and Appel (1981) extensively studied the serotonergic effects of FEN and found that the direct 5-HT agonists MK-212 and quipazine could be substituted for FEN in drug discrimination tests, and the indirect 5-HT agonist p-chloroamphetamine, which promotes the release of 5-HT, had this effect as well. It was also found that the 5-HT antagonists methiothepin and cyproheptadine blocked the FEN and quipazine cues, and the 5-HT uptake inhibitor fluoxetine substituted more for FEN than for quipazine. These and other data described in the White and Appel study demonstrated quite convincingly that serotonergic mechanisms were significant in providing the discriminative cues for FEN.
The aim of the present experiment was also to examine the discriminative stimulus properties of FEN. By using somewhat different procedures from those of White and Appel we wished to obtain the time course of the FEN cue and the dose-response characteristics of this drug. To further identify the pharmacological specificity of the FEN cue, generalization tests were conducted with the following compounds known to either enhance or diminish the effects of 5-HT: p-chloroamphetamine and p-fluoroamphetamine, two halogenated amphetamine derivatives structurally related to FEN (Harvey et al. 1977 ); fluoxetine, a selective and potent 5-HT reuptake inhibitor (Fuller et al. 1974) ; 5-hydroxytryptophan (5-HTP), the immediate 5-HT precursor; norfenfluramine, the active metabolite of FEN (Goudie et al. 1974) ; cinanserin and methysergide, two putative 5-HT receptor blockers (Rubin et al. 1964; Mawson and Whittington 1970) ; and chlordiazepoxide, an indirect inhibitor of 5-HT turnover (Wise et al. 1972) . Fluoxetine, methysergide, cinanserin, and chlordiazepoxide were also tested as potential antagonists of the FEN discriminative stimulus. To determine whether the discriminative properties of FEN exhibit stereospecificity, generalization testing was conducted with the (+)-and (-)-isomeric forms of FEN. Finally, we wished to examine the possibility that the anorexigenic action of FEN provides the discriminative cue for this compound. This study confirms and extends the generality of the White and Appel findings.
Materials and methods
Forty male albino rats obtained from the Holtzman Co., Madison, WI, USA were housed singly in a temperature-controlled room with a reversed 12-h light-dark cycle. Each rat weighed between 250-300 g at the start of the experiment, Throughout the study, all rats had free access to tap water, while availability to standard Purina laboratory chow was restricted to a daily 4-h period following testing. All training and testing was done during the dark cycle, 1 h prior to daily feeding, Monday through Friday of each week.
Apparatus. The behavioral apparatus consisted of standard
Skinner boxes housed in light-proof, sound-attenuated, and fan-ventilated chambers. Each Skinner box was equipped with two levers, one on either side of a centrally placed dipper, which delivered 0.1 ml of a liquid reinforcement for 3 s. The reinforcement mixture was 25 % liquid Similac, 25 % condensed milk, and 50% tap water. Standard electromechanical programming and cumulative counters were used to record and control behaviour.
Drugs. Fenfluramine HC1 and norfenfluramine HC1
(Robins, Richmond, VA, USA), fluoxetine HC1 and p-fluoroalnphetamine HC1 (Eli Lilly, Indianapolis, IN, USA), methysergide maleate (Sandoz, East Hanover, N J, USA), cinanserin HC1 (Squibb, Princeton, N J, USA), chlordiazepoxide HC1 (Roche, Nutley, N J, USA), 5-hydroxytryptophan and d-amphetamine sulfate (Sigma, St. Louis, MO, USA), and p-chloroamphetamine HC1 (Regis, Chicago, IL, USA) were all dissolved in physiological saline. All injections were given intraperitoneally (IP) in a volume of 2 ml/kg body weight.
Discriminative training. Following habituation to the experimental chamber and preliminary shaping, the animals were trained to alternate between response levers on a continuous reinforcement (CRF) schedule of reinforcement (one lever was reinforced for 5 rain, then the other, for a total of 30 min). Once lever pressing was well established, the reinforcement contingency was increased incrementally to a fixed ratio schedule, reinforcement following 10 presses (FR 10), while maintaining the lever alternation.
Next, the animals were trained to discriminate between 3 mg/kg FEN and physiological saline. Half of the rats were randomly assigned the left lever as "FEN-correct" and the right lever as "saline-correct", while the lever assignment was reversed for the remaining animals. Every tenth response on the FEN-correct lever led to reinforcement on days when animals were 60 rain pretreated with FEN, whereas the opposite lever was reinforced following saline injections. Daily saline or FEN treatments were given according to the following two weekly alternating sequences: FEN-saline-saline-FEN-FEN, and saline-FEN-FEN-saline-saline. Discrimination sessions, 10 rain in duration, were continued until each animal reached the performance criterion of no more than three incorrect responses before the first reinforcement on nine out of ten consecutive sessions.
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Test sessions. Once drug discrimination was well established, a series of generalization and antagonism tests were conducted on Friday of each week. On test days, the reinforcement delivery system was disconnected (extinction), and the following measures were recorded: the lever on which the rat first made 10 responses (the selected lever), and the prior number of responses made on the other lever. As soon as rat responded 10 times to either lever, or after 10 min had expired, testing was terminated and the rat was immediately removed from the experimental chamber.
On Monday through Thursday, training sessions in the order of saline-FEN-FEN-saline were continued for the purpose of providing appropriate baseline data and to ensure that discrimination was intact. If any animal failed to demonstrate reliable discrimination (each day with three or fewer errors), testing with that animal was postponed and discrimination training continued until this performance criterion was attained.
Data analysis. The accuracy of lever selection for each animal was computed as the percentage of responses on the FEN-correct lever at the occurrence of the 10 th response on the selected lever. For example, if a rat responded 3 times to the saline lever before making 10 responses on the FEN lever, its cue detection score was 10/13 or 77 % ; if a rat made one response on the FEN lever and 10 responses on the saline lever the score would be 1/11 or 9.1%. Thus high scores indicate preference for the FEN lever and low scores indicate preference for the saline lever. For each of the experimental manipulations and drug tests, 10 rats were randomly selected from the pool of animals available for testing. Therefore, each rat participated in more than one test in this study. Statistical comparisons of percent FEN lever selection values were performed by Wilcoxon matchedpairs signed-ranks tests with the criteria for significance being P < 0.05.
Time course of drug action.
To determine the temporal characteristics of the FEN discriminative cue, rats were injected with 3 mg/kg FEN and allowed to remain in their home cages for 1 -960 rain before generalization testing was conducted. The time interval between drug injection and testing was randomized between subjects and across weekly test sessions such that each rat was tested once at every time interval.
Dose response relationship. For dose-response determina-
tions, rats were injected with FEN (0.25 -5.0 mg/kg) 60 rain prior to generalization testing. The order in which doses of FEN were tested was randomized between subjects and across weekly test sessions such that all rats were tested once at each dose.
Stimulus generalization and antagonism tests.
In the stimulus generalization tests the training drug (3 mg/kg FEN) was replaced by an injection of a test drug. For stimulus antagonism tests, the test drug was administered prior to, concurrently with, or following a 2 mg/kg injection of FEN. The time and dosage schedules of drug administration are indicated in each figure legend. In all tests the order in which doses of drug and times after injection were tested was randomized between rats and across weekly test sessions such that each rat was tested once with every dose of that drug. as an anorectlc agent since it reduces food intake, weight z gain, and the subjective feeling of hunger (Pinder et al. 1975) .
In an attempt to evaluate the possible role of feelings of satiety in elicitation of the FEN discriminative stimulus, animals were food deprived for either 0, 24, or 48 h and tested for stimulus generalization following administration of saline or 3 mg/kg FEN. During a 10-min test period the following measures were recorded: the latency of the first response, the number of incorrect responses before the first reinforcement, and the total number of responses during the test session. The order in which drugs and durations of food deprivation were tested was randomized between rats and across weekly test sessions such that each rat was tested once at each drug and food deprivation combination,
Results
Base-line data. All rats reliably learned to discriminate 3 nag/ kg FEN from saline, requiring a median number of 22 training sessions (including the 10 criterion sessions) to meet the performance criterion of fewer than three errors per session in 9 of 10 consecutive sessions. On the standard saline and FEN discrimination sessions conducted Monday through Thursday of each week following the training period, all animals reliably selected the injection-appropriate lever after saline or FEN treatment. Incorrect lever selection occurred rarely, and each rat reached a highly significant level (onetailed; P < 0.001; Binomial test) of correct lever selection. The median percent-correct lever selection value was 100% for each animal following either FEN or saline administration.
Averaged over the first three post-criterion saline treatments, the mean +_ SEM response output per 10-rain training session was 714 + 43 responses. For FEN treatments, this value was 533 _+ 26 responses. The mean individual response level for these three FEN treatments (expressed as a percentage of the corresponding saline values) was 78.2% _+ 5.6%. This response decrease produced by 3 mg/kg FEN was highly significant (one-tailed; P < 0.005; Wilcoxon test).
Time course of drug action. It can be seen in Fig. 1 that the FEN cue shows a relatively fast onset (greater than 60% FEN lever selection/0 min after injection) and has a rather A linear regression analysis indicated that the dose of FEN that would produce 50% FEN lever selection (EDso) was 1.6 mg/kg. A 2 mg/kg dose of FEN elicited 97% drug lever selection. This "threshold" dose of FEN, defined as the lowest dose of drug tested that reliably evokes FEN-correct lever selection, would appear to be the appropriate dose to use in attempts to antagonize the FEN discriminative stimulus. Antagonism of a larger dose of FEN would likely require the use of proportionately larger doses of antagonist, doses that might induce behavioral suppression, i.e., toxic or nonspecific effects, thus obscuring cue antagonism.
Isomeric specificity. From the results presented in Fig. 3 it can be seen that a stimulus generalization gradient was produced by varying the dose of either ( Methysergide, cinanserin and chlordiazepoxide were administered 30 rain before testing; the preinjection interval was 1 h for all other compounds (+)-FEN were equipotent at evoking FEN lever selection at all doses tested.
Stimulus generalization tests with 5-HT drugs.
The results of the stimulus generalization experiments are summarized in Fig. 4 . Norfenfluramine (0.5-3.0 mg/kg), p-chioroamphetamine (0.13-0.5 mg/kg), and p-fluoroamphetamine (1.0-4.0 mg/kg) produced FEN lever selection in a dose related manner and therefore generalized to the standard 3 mg/kg FEN treatment. Only one-sixth of the FEN training close was required for p-chloroamphetamine to produce the FEN response, whereas a dose slightly larger than the training dose of FEN was necessary for p-fluoroamphetamine to produce FEN lever selection. Norfenfluramine produced FEN lever selection with a potency comparable to that of the training drug. However, administration of 5-HTP (5.0-80 mg/kg) resulted in only 56% and 54% FEN lever selection for the 40 and 80 mg/kg doses, respectively. When a higher dose of 5-HTP (120 mg/kg) was given, the animals stopped responding and remained motionless in the test apparatus. Fluoxetine (2.5 -10 mg/kg), cinanserin (2.5-20 mg/kg), methysergide (5.0-40 mg/kg), and chlordiazepoxide (5.0-20 mg/kg) reliably produced saline lever selection within the dose range that allowed animals to respond to the levers, and thus failed to generalize to the FEN training dose. When a higher dose of fluoxetine (20 mg , cinanserin (40 mg/kg), methysergide (60 mg/kg) or chlordiazepoxide (40 mg/kg) was given, the rats failed to respond sufficiently (10 times to either lever) to indicate a lever preference.
Stimulus antagonism tests with 5-HT drugs.
The data from the stimulus antagonism tests are presented in Figs. 5 and 6. Methysergide (2.5 -40 mg/kg) or cinanserin (2.5 -20 mg/ kg), when given 30 rain following a 2 mg/kg injection of FEN, caused the rats to select the saline lever in a dose dependent fashion. This decrease in FEN lever selection was significant for all but the lowest dose of each receptor blocker tested, indicating that the perception of the FEN discriminative stimulus, outherwise evident after a 2 rag/ kg FEN injection, had been partially antagonized. When chlordiazepoxide (5.0-20 mg/kg) was administered 30 min after FEN and 30 rain prior to testing, the rats continued to select the FEN lever, thus demonstrating that the FEN discriminative stimulus had not been antagonized. When a higher dose of methysergide (60 mg/kg), cinanserin (40 rag/ kg), or chlordiazepoxide (40 mg/kg) was given, responding was insufficient to indicate a lever preference.
In Fig. 6A it can be seen that fluoxetine (2.5 -10 mg/kg) antagonized the FEN cue when administered lh prior to FEN. However, the dose relationship was reversed, with only the 2.5 and 5.0 mg/kg doses significantly effective. When fluoxetine was given concurrently with (Fig. 6B) or 30 rain following FEN (Fig. 6C ), the dose relationship was less clear. In both instances the 5.0 mg/kg dose was the most potent at counteracting FEN lever selection, but was not significantly different from the 2.5 mg/kg dose. Regardless of administration time, the largest dose of fluoxetine tested (10 mg/kg) was the least effective at blocking the FEN discriminative cue. Only when given concurrently with FEN, did this dose of fluoxetine demonstrate significant cue antagonism.
ls satiety the fenfluramine cue ? The duration of food deprivation had no effect on the accuracy of lever selection. Whether 0, 24, or 48 h food deprived, the median FEN lever selection value was 100% following FEN administration and 0% after an injection of saline. However, as illustrated in Fig. 7A , the rate of milk-reinforced operant responding during the 10- rain session increased directly with the length of food deprivation and was consistently higher following saline administration. A two-way repeated-measures analysis of variance (ANOVA) revealed a highly significant overall food deprivation effect [F(2,18) = 20.4, P< 0.001] and a significant drug treatment effect [F(1,9) = 11.7, P < 0.01]. It can be seen in Fig. 7 B that the latency of the initial response decreased as the state of food deprivation increased and was consistently lower following saline treatment. ANOVA revealed highly significant food deprivation [F(2,18) = 137, P < 0.001] and drug treatment [F(1,9) = 74.6, P < 0.001] effects. Because first response latencies varied as a function of both the drug treatment and the length of food deprivation, the actual time that each animal spent lever pressing was not 10 rain. To compensate for these effects on latencies, response rates were recalculated for only the time interval subsequent to the initial response (Fig. 7C) . Following this adjustment, the overall drug treatment and food deprivation effects continued to be highly significant [F(1,9) = 11.3, P< 0.001 and F (2,18) = 20.1, P < 0.001, respectively], indicating that the observed differences in overall rate of responding illustrated in Fig. 7A are not solely a result of the drug and deprivation effects on first response latencies.
Discussion
The results of this study, consistent with an earlier report using FEN at the same dose (Goudie 1977) and at a lower dose (White and Appel 1981) , confirm that FEN may control differential operant responding in rats on the basis of its discriminative stimulus properties. Cue detection is optimum between 30-120 rain following IP administration of 3 mg/kg FEN, and 2 mg/kg FEN is the lowest dose tested that is capable of eliciting reliable discrimination. The EDso is approximately one-half of the training dose, whether 3 mg/kg (this report) or 1 mg/kg (White and Appel 1981) is used. Consistent with its clinical use as an appetite suppressant, FEN (3 mg/kg) decreases the rate of milk (liquid food) reinforced lever pressing by about 20-30%, and increases the latency of the first response. On the standard saline and FEN discrimination sessions conducted during the course of all the experiments in this study, all rats reliably selected the injection-appropriate lever.This suggests that tolerance, as might be demonstrated by a change in drug discrimination sensitivity, is not occurring with chronic administration of FEN.
The stimulus generalization experiment with the isomeric forms of FEN indicate that the (+)-isomer is more potent than the (-)-form at eliciting FEN lever selection. This stereospecificity parallels the findings ofBuczko et al. (J 975) , who demonstrated that (+)-FEN was more active than (-)-FEN at initiating the release of 5-HT and inhibiting its reuptake by rat blood platelets.
The generalization experiments illustrate that of aI1 the serotonergic agents tested, only p-chloroamphetamine, p-fluoroamphetamine and norfenfluramine produce a diseriminative stimulus that generalized with the standard FEN treatment. Fluoxetine, cinanserin, methysergide, and chlordiazepoxide failed to elicit FEN lever selection, whereas 5-HTP partially generalized to the FEN cue. These results illustrate the high degree of structural and pharmacological similarity necessary for generalization to occur using this behavioral procedure, and suggest that the discriminative stimulus produced by FEN is pharmacologically specific. The demonstration that behaviorally suppressant doses of methysergide, cinanserin, and chlordiazepoxide did not elicit FEN lever preference shows that lever selection is not merely along a "drugged-not drugged" continuum. Furthermore, the inability of chlordiazepoxide to generalize to the FEN lever demonstrates that stimulus generalization is not simply a function of cue production since chlordiazepoxide (5 rag/ kg) has been shown to produce a reliable discriminative cue (Colpaert 1977) .
In our experiment fluoxetine failed to substitute for FEN, data at odds with those of White and Appel (1981) who found some generalization at our doses. This difference may be explained by one other difference between the two experiments: our training dose of FEN was 3 mg/kg whereas White and Appel used 1 mg/kg. The relevance of the difference in the training dose may be found in the report by Snoddy and Tessel (1983) that the norepinephrine reuptake inhibitor nisoxetine substituted for amphetamine when the training dose of amphetamine was 1 mg/kg but not when the training dose was 3 mg/kg. This may indicate that the discriminative cue produced by the lower training dose of amphetamine was pharmacologically more similar to nisoxetine than that produced using the higher training dose. Similarly, FEN at 1 mg/kg may produce cues more similar to the effects of fluoxetine than 3 mg/kg.
It remains unclear whether the pharmacologically active agent after administration of FEN is the parent compound itself or its de-alkylated metabolite norfenfluramine, since both compounds are reported to induce anorexia (Broekkamp et al. 1975; Goudie et al. 1974) and to lower brain 5-HT concentrations (Costa and Revuelta 1972) . In the present study, the generalization of norfenfluramine to the FEN discriminative stimulus might indicate that the interoceptive cue following FEN administration is produced by norfenfluramine and not by the parent compound. Alternatively, generalization might be due to a pharmacological action of norfenfluramine similar to that or FEN, an action that generates a discriminative stimulus indistinguishable from that FEN. Pharmacokinetic studies in rats (Clineschmidt et al. 1978) demonstrate that plasma and whole brain levels of FEN are maximal 2 h after administration, whereas norfenfluramine plasma and whole brain concentrations are maximal after 24 and 14 h, respectively. The FEN cue has a rapid onset, is maximally detected 30-120 min after drug injection, and is no longer detectable after 16 h. This time course parallels plasma and whole brain levels of FEN, strongly suggesting that the parent compound itself is pharmacologically active.
Methysergide and cinanserin antagonized the FEN cue in a dose-dependent fashion, confirming and extending the earlier report that 5-HT receptor blockers (cyproheptadine and methiothepin) can attenuate the FEN cue (White and Appel 1981) . Therefore, inhibition of 5-HT reuptake and inducement of its release by FEN is not itself sufficient for elicitation of the drug cue, but access of the released transmitter to 5-HT receptors appears necessary for discrimination to occur.
Pretreatment with the direct 5-HT synthesis inhibitor p-chlorophenylalanine (PCPA) (100 mg/kg for 3 consecutive days) partially antagonized the discriminative stimulus produced by FEN (White and Appel 1981) . In the present experiment, however, a single 30-rain preinjection with chlordiazepoxide was unable to antagonize the FEN cue.
It has been suggested that chlordiazepoxide inhibits 5-HT turnover secondarily to the drug-induced facilitation of GABA-ergic inhibition of 5-HT neurons (Schallek et al. 1979) . If the FEN discriminative cue is produced by the release of 5-HT from preestablished transmitter stores within the nerve terminal, then our negative effects with chlordiazepoxide may reflect a failure of the drug to sufficiently reduce 5-HT concentrations prior to FEN treatment. Biochemical studies indicate that maximal changes in 5-HT function do not occur until 2 h following benzodiazepine administration (Chadwick et al. 1978) , further supporting this possibility.
Fluoxetine, a selective and potent inhibitor of the 5-HT reuptake mechanism, when administered either prior to, concurrently with, or following an injection of FEN, antagonized the discriminative cue produced by FEN. However, stimulus antagonism was not dose-dependent as the largest dose tested (10 mg/kg) was clearly the least effective. It would appear that the uptake of FEN into the presynaptic nerve terminal must continue for a critical period of time to elicit the discriminative cue. It might be that a substantial intraneuronal accumulation of FEN needs to be achieved to provide the drug cue and fluoxetine is able to interrupt this process. Our findings is consistent with a previous report that fluoxetine pretreatment antagonized the FEN discriminative cue (White and Appel 1981) . Barrett et al. (1982) reported that FEN generalized to the discriminative stimulus produced by 5-HTP. In the present experiment 5-HTP produced only 50% FEN lever selection. The inability of 5-HTP to fully generalize to the FEN cue might be due to a disruption of responding caused by peripheral effects of 5-HTP (Carter et al. 1978) . Alternatively, it may be that the discriminative stimulus produced by FEN is only partially mediated through an interaction with the 5-HT system. The latter possibility is further supported by the demonstration that cinanserin, methyseride, and fluoxetine only partially antagonized the FEN cue.
The results of the food deprivation experiment demonstrate that although both the latency and rate of operant responding vary as a function of the duration of food deprivation, appropriate lever selection occurred independently of the state of hunger. Under all conditions, each animal reliably selected the injection-appropriate lever. Therefore, our data do not support the hypothesis that the feelings of satiety produced by FEN is a factor in the drug's ability to produce an interoceptive discriminative cue.
The studies reported here in no way allude to the locus of action for elicitation of the discriminative cue. Drug discrimination has been established on the basis of central (Colpaert 1977) and peripheral (Colpaert et al. 1975 ) effects of drugs. It is also known that approximately 95% of the 5-HT resides outside the central nervous system (Kety 1967) . To definitively establish the locus of the FEN cue, one must either administer the drugs intracerebroventricularly or use agents that selectively penetrate the blood-brain barrier.
